Infusing brain-derived neurotrophic factor (BDNF) into the infralimbic (IL) prefrontal cortex is capable of inducing extinction. Little is known, however, about the circuits mediating BDNF effects on extinction or the extent to which extinction requires BDNF in IL. Using local pharmacological infusion of BDNF protein, or an antibody against BDNF, we found that BDNF in the IL, but not prelimbic (PL) prefrontal cortex, is both necessary and sufficient for fear extinction. Furthermore, we report that BDNF in IL can induce extinction of older fear memories (14 days) as well as recent fear memories (1 day). Using immunocytochemistry, we show that BDNF is increased in the ventral hippocampus (vHPC), but not IL or PL, following extinction training. Finally, we observed that infusing BDNF into the vHPC increased the firing rate of IL, but not PL neurons in fear conditioned rats. These findings indicate that an extinction-induced increase in BDNF within the vHPC enhances excitability in IL targets, thereby supporting extinction memories.
INTRODUCTION
There is growing interest in the mechanisms of BDNF effects on plasticity underlying fear extinction learning (Andero and Ressler, 2012; Cowansage et al, 2010) . The infralimbic (IL) prefrontal cortex is essential for fear extinction learning (Herry et al, 2010; Pape and Pare, 2010; Quirk and Mueller, 2008) . Humans and rodents with a polymorphism that reduces BDNF release (Chen et al, 2006) are impaired in extinction learning (Soliman et al, 2010) , and mice with this polymorphism show impaired synaptic transmission and plasticity in IL (Pattwell et al, 2012) . Furthermore, extinction training increases BDNF mRNA in IL (Bredy et al, 2007) .
Consistent with these rodent findings, we recently reported that infusing BDNF into IL facilitates extinction, even in the absence of training, suggesting that BDNF in IL can be sufficient for extinction (Peters et al, 2010) . It is not known, however, if BDNF in the neighboring prelimbic (PL) prefrontal cortex may be involved, or the extent to which these BDNF effects depend on the age of the fear memory. Also unknown is the extent to which IL BDNF is necessary for extinction, or whether IL BDNF is derived from inputs from the basolateral nucleus of the amygdala (BLA) or the ventral hippocampus (vHPC; Hoover and Vertes, 2007) . Knocking down BDNF or its signaling in either of these structures impairs extinction learning (Chhatwal et al, 2006; Heldt et al, 2007 Heldt et al, , 2014 .
To address these issues, we compared the effects of IL vs PL infusions of BDNF, and varied the age of the fear memory. We also attempted to block extinction by infusing an antibody against BDNF. Finally, we used immunocytochemistry and unit recording to determine the extent to which BDNF expression is modified within the prefrontalhippocampal-amygdala circuit. Our findings support the hypothesis that neuronal BDNF in the hippocampal-IL circuit facilitates extinction of older, as well as recent, fear memories.
MATERIALS AND METHODS

Subjects
A total of 156 male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were housed and handled as described previously (Quirk et al, 2000) . Briefly, rats were restricted to 18 g per day of standard laboratory rat chow, and trained to press a bar for food on a variable interval schedule of reinforcement (VI 60 s). Pressing for food provides a baseline of activity against which freezing can be reliably measured (Quirk et al, 2000) . All procedures were approved by the University of Puerto Rico School of Medicine Animal Care and Use Committee, in compliance with the National Institutes of Health guidelines for the care of laboratory animals.
Surgery
Following bar-press training, rats were anesthetized under isoflurane anesthesia and 26-gauge guide bilateral cannulas (Plastics One, Roanoke, VA) were bilaterally implanted in the IL cortex (coordinates: þ 2.8 AP; ±3.1 ML; À 3.8 DV; angled at 301), the PL cortex (coordinates: þ 2.8 AP; ± 0.6 ML; À 2.6 DV), or the vHPC ( À 6.0 mm AP, ± 5.0 mm ML, lateral, À 6.0 mm DV; Paxinos and Watson, 1998) . For IL cannula implantation, an angled approach was used to avoid backflow to PL (Sierra-Mercado et al, 2011) . The cannulas were fixed to the skull using acrylic cement and three skull screws. Stainless-steel obturators (33 gauge) were inserted into the guide cannulas to avoid obstruction until infusions were made. For unit recording experiments, a cannula was implanted unilaterally in the vHPC ( À 6.0 mm AP, ± 5.0 mm ML, lateral, À 6.0 mm DV), ipsilateral to the recording electrode, which consisted of either a movable bundle of 16 microwires (25 mm in diameter; Stablohm 675; California Fine Wire, Grover Beach, CA) or a movable 3 Â 3 electrode array (Neuro Biological Laboratories, Denison, TX). Before electrode bundles were implanted, impedance was reduced to 250-350 kO by passing a 1 mA cathodal current in a gold solution (arrays were not gold plated). The electrode bundle/array was implanted in IL ( þ 3.0 mm AP, þ 0.5-0.8 mm ML, À 5.0 mm DV) or PL ( þ 3.0 mm AP, þ 0.5-0.8 mm ML, À 4.0 mm DV). Following surgery, triple antibiotic was applied to the wound and ketoprofen (5 mg/ kg) was injected intramuscularly as an analgesic and antiinflammatory agent. Rats were allowed to recover for 5-7 days before initiating experiments.
Behavior
Auditory fear conditioning and extinction were performed in the same operant chambers (Coulbourn Instruments, Allentown, PA) located in sound-attenuating cubicles (Med Associates, Burlington, VT) throughout all phases of the experiment. The floor of the chambers consisted of stainless-steel bars that delivered a scrambled electric foot shock. Between experiments, shock grids and floor trays were cleaned with soap and water, and the chamber walls were cleaned with wet paper towels. On day 1, rats received five habituation tones (30 s, 4 kHz, 75 dB; 3 min intertrial interval), immediately followed by seven conditioning tones that coterminated with foot shocks (0.5 s, 0.5 mA). On day 2 (recent memory BDNF experiments) or day 14 (older memory BDNF experiment), rats were infused with BDNF and returned to their home cages. For the anti-BDNF experiments, rats were infused with anti-BDNF and placed in the conditioning chambers for extinction training, consisting of 20 tone presentations in the absence of footshock. The following day (day 3 or day 15), rats were returned to the chambers and presented with either two tones (BDNF experiments) or eight tones (anti-BDNF experiments) to test for extinction retrieval. For the BDNF immunocytochemistry experiments, rats were killed 1 or 2 h following extinction tones on day 2. For the single-unit recording experiments, conditioned rats were returned to the training chamber and presented with two tones. BDNF was then infused into vHPC and two additional tones were presented 30 min following the infusion. Food pellets were available in the conditioning chambers on a VI 60 s schedule throughout all phases of the experiment.
Histology
After behavioral experiments, rats were deeply anesthetized with sodium pentobarbital (450 mg/kg intraperitoneally) and transcardially perfused with 0.9% saline followed by 10% buffered formaldehyde. In addition, to assist with localization of electrode placement, a microlesion was made by passing an anodal current (20 mA for 20 s) through the electrode. Brains were removed and stored in a 30% sucrose/10% formaldehyde solution for at least 48 h before sectioning. Six percent of ferrocyanide was included in the solution to stain the iron deposited following the electrode microlesion. Coronal sections were cut 40 mm thick, mounted on slides, and stained for Nissl bodies.
Drug Infusions
For drug infusions, obturators were removed and injectors were placed into the guide cannulas. Injector tips extended 1 mm beyond the guide cannula. One day before testing, rats were habituated for handling and injectors were passed through the cannula (without infusion). Drugs were dissolved in physiological saline and infused at a rate of 0.25 ml/min. Following infusion, injectors were left in place for at least 1 min to allow for diffusion of the drug. Recombinant human BDNF (R&D Systems, Minneapolis, MN USA) was administered at a dose of 0.75 mg/0.5 ml per side (Peters et al, 2010) . Animals were returned to their home cage or to the conditioning chamber after infusion. Sheep anti-BDNF antibody (EMD Millipore, Billerica, MA) was administered at a dose of 0.5 mg/0.5 ml per side (Peters et al, 2010) . Infusions were performed 10-30 min before extinction training. Animals were infused with drugs only once.
Immunocytochemistry
Rats were deeply anesthetized with sodium pentobarbital (450 mg/kg intraperitoneally) 1 or 2 h after concluding the corresponding behavioral session. They were perfused transcardially with 100 ml of 0.9% saline followed by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. Brains were removed from the skull and fixed overnight in the same fixative solution. The next day, brains were transferred to a solution of 30% sucrose in 0.1 M phosphate buffer at 4 1C during 48 h for cryoprotection. The brains were frozen and a series of coronal sections (40 mm) were cut on a cryostat (CM 1850; Leica) and collected at different levels of the medial prefrontal cortex, vHPC, and amygdala.
Alternate sections were initially blocked in a solution of 2% normal goat serum (Vector Laboratories, Burlingame, CA) plus 0.3% Triton X-100 (Sigma-Aldrich, St Louis, MO) in 0.12 M potassium phosphate buffered saline for 1 h and then incubated overnight at room temperature with sheep anti-BDNF antibody (1 : 200; AB1513P; EMD Millipore) plus anti-NeuN (1 : 200, conjugated with rabbit polyclonal Alexa Fluor 488; EMD Millipore). This anti-BDNF antibody was successfully used for immunocytochemistry in previous studies (Gunjigake et al, 2006; Ou et al, 2010) . The next day, slices were incubated with anti-sheep fluorescent secondary antibody (1 : 200; Alexa Fluor 594; Invitrogen, Carslbad, CA) for 2 h, mounted on gelatin-coated slides, dehydrated and then coverslipped with antifading mounting medium (Vectashield; Vector Laboratories, Burlingame, CA). Our immunocytochemical procedure for BDNF and NeuN was adapted from a previous study (Ou et al, 2010) .
Images were digitized with a microscope (Model BX51; Olympus, Tokyo, Japan) coupled to a fluorescent lamp (X-Cite Series 120Q; Lumen Dynamics, Ontario, Canada) at Â 20 magnification using a digital camera (Model DP72; Olympus, Tokyo, Japan). Images were generated for PL, IL, vHPC, basal nucleus of the amygdala (BA), lateral portion of the central nucleus of the amygdala (CeL), and medial portion of the central nucleus of the amygdala (CeM), using the appropriate filter sets for Alexa 488 and Alexa 594. Images were processed using commercial software (Metamorph version 6.1; Molecular Devices, Sunnyvale, CA) by digitally removing background luminescence and automatically determining the threshold. BDNF colocalization with NeuN was quantified by measuring the percentage of overlap between the NeuN and BDNF labeling as described previously (Do-Monte et al, 2013) . The percentage of overlapping area was averaged for the two hemispheres at two to three distinct rostrocaudal levels of each region.
Data Collection and Analysis
Behavior was recorded with digital video cameras (Micro Video Products, Bobcaygeon, ON, Canada). In behavioral experiments, freezing was quantified from digitized video images using commercially available software (Freezescan, Clever Systems, Reston, VA). The amount of time spent freezing to the tone was expressed as a percentage of the tone presentation. Trials were averaged in blocks of two, and subjected to Student's two-tailed t-tests or repeatedmeasures analysis of variance (ANOVA), followed by Tukey's post hoc comparisons as appropriate (STATISTICA; Statsoft, Tulsa, OK).
Single-Unit Recordings
Extracellular waveforms exceeding a voltage threshold were amplified (gain 100 Â ), digitized at 40 kHz using a Multichannel Acquisition Processor System (Plexon, Dallas, TX), and stored onto disk for further off-line analysis. Waveforms were recorded during pretone, tone, and posttone periods, each lasting 30 s. Single units were isolated using principal component analysis and template matching (Offline Sorter; Plexon). Both automated and manual correction processing techniques were applied to sort spikes (see Burgos-Robles et al, 2013; Sotres-Bayon et al, 2012) . Automated processing was carried out using a valleyseeking scan algorithm (Offline Sorter; Plexon), one channel at a time, and then evaluated using sort quality metrics. For manual verification of automated clustering techniques, a cluster was considered for analysis if it was discretely separated from other clusters in principal component space. In addition, spikes with interspike intervals o1 ms were excluded. Only stable clusters of single units were considered for analysis. Timestamps of neural spiking were analyzed with NeuroExplorer (NEX Technologies, Littleton, MA). Neuronal activity was recorded before and 30 min after infusion of BDNF into vHPC. To assess whether BDNF altered spontaneous firing rates, ten 3-s bins were compared before and after BDNF infusion, using paired Student's t-tests. Units with initial firing rates 412 Hz (presumed interneurons) were excluded from analysis (IL: n ¼ 1; PL: n ¼ 3).
RESULTS
BDNF Infused into IL, but not PL, is Sufficient for Extinction
In our first experiment, BDNF was infused into either IL or PL of rats previously given auditory fear conditioning. On day 1, rats were fear conditioned and divided into two groups matched for freezing levels. The next day (day 2), rats were infused with either BDNF or saline in IL through angled cannulas, returned to their home cages, and tested the following day (day 3) drug free. As illustrated in Figure 1a , there was a significant reduction in freezing in rats infused with BDNF (Sal: 68.6%; BDNF: 34.6%; t (19) ¼ 2.66; P ¼ 0.015), replicating our previous findings with vertical cannulas (Peters et al, 2010) . A similar extinction-inducing effect of BDNF was observed in rats conditioned 13 days before BDNF infusion (see Figure 1b) . When tested the following day (day 15), rats infused with BDNF showed a significant reduction in freezing compared with saline controls (Sal: 88.0%; BDNF: 61.4%; t (15) ¼ 3.00; P ¼ 0.009), suggesting that BDNF in IL is sufficient for extinction of older fear memories. In both experiments, bar pressing for food before the first tone was similar between groups (day 3-Sal: 12.5 presses per min, BDNF: 14.9 presses per min; day 15-Sal: 10.9 presses per min, BDNF: 13.2 presses per min; all P's40.63), suggesting that reduction in tone fear by BDNF was not due to a decrease in contextual fear. In contrast to IL, infusion of BDNF into PL had no effect (see Figure 1c) . One day following the PL infusion, rats receiving BDNF and saline showed equivalent levels of freezing (Sal: 73.2%; BDNF: 77.0%; t (15) ¼ À 0.040; P ¼ 0.969), suggesting that PL does not contribute to BDNF-induced fear extinction.
BDNF in IL, but not PL, is Necessary for Extinction
The above experiments confirm that administering BDNF in IL can induce extinction-like behavior, but they do not indicate whether endogenous BDNF in IL is necessary for extinction. We therefore infused a BDNF binding antibody (anti-BDNF) into IL to sequester endogenous BDNF and thus block its activity. This antibody (at the same dose) has been shown to impair BDNF-dependent signaling in the hippocampus (Alonso et al, 2002) . Figure 2a shows that infusion of anti-BDNF into IL before extinction (day 2) did not alter freezing levels in the first block of extinction training (Sal: 65.2%; anti-BDNF: 76.9%; t (19) ¼ À 1.297; P ¼ 0.210). Anti-BDNF-infused rats extinguished more slowly than controls (main effect of group: F (1,26) ¼ 4.912; P ¼ 0.036). Post hoc comparisons showed that freezing in the anti-BDNF group was significantly increased in block 9 (P ¼ 0.048). The following day (day 3), freezing levels differed significantly between groups (F (1,26) ¼ 5.231; P ¼ 0.036). Post hoc comparisons confirmed that freezing in the anti-BDNF group was increased in blocks 1 (P ¼ 0.018) and 2 (Po0.001). These results suggest that endogenous BDNF in IL is necessary for extinction.
In contrast to IL, infusion of anti-BDNF into PL did not alter fear expression or extinction learning (Figure 2b ). Repeated-measures ANOVA revealed no effect of treatment (F (1,16) o 0.001; P ¼ 0.979) or interaction between treatment and trial block (F (9,144) ¼ 1.195; P ¼ 0.302). On day 3, rats tested drug free showed no group differences (F (1,16) ¼ 0.017; P ¼ 0.896). Thus, as suggested by infusions of BDNF, PL does not appear to be a locus for BDNF-related extinction processes.
Extinction Increases BDNF Expression in the vHPC and the Basal Amygdala
There are multiple possible sources of extinction-related BDNF in IL, including BLA inputs, vHPC inputs (Hoover and Vertes, 2007) , or IL itself. To address possible sources, we sought to determine which of these structures showed extinction-related increases in neuronal BDNF expression. Conditioned animals received either a complete set of 20 extinction trials (Extinction group), or only 2 extinction trials (No Extinction group; see Figure 3a ). Both groups were in the test chamber for 71 min with access to food, and then returned to their home cages for either 1 or 2 h, and then killed for immunocytochemistry. Neuronal levels of BDNF were indicated by the area of overlap between BDNF protein (in the cytoplasm) and NeuN, a marker of neuronal nuclei (Mullen et al, 1992 ; see Figure 3b and c).
As shown in Figure 3d and e, Extinction and No Extinction groups did not significantly differ in neuronal BDNF levels in IL or PL, at either 1 or 2 h after extinction (all P's 40.459). In vHPC, however, the Extinction group showed significantly more neuronal BDNF than the No Extinction group at both timepoints (1 h-Extinction: 8.56%; No Extinction: 4.14%; F (1,14) ¼ 5.00, P ¼ 0.042; 2 hExtinction: 16.35%; No Extinction: 9.19%; F (1,6) ¼ 8.53, P ¼ 0.027). In the amygdala, ANOVA showed a main effect of group (F (1,18) ¼ 7.064; P ¼ 0.016 ) at 2 h but not 1 h. Post hoc comparisons revealed an extinction-induced BDNF expression in BA (P ¼ 0.038), but not in CeL or CeM. Thus, extinction-induced expression of BDNF in vHPC appears to precede that of BA, a target region of vHPC (Orsini et al, 2011) .
BDNF Infused into vHPC Decreases Fear and Increases the Activity of IL Neurons
Extinction-induced BDNF in vHPC could influence extinction via IL, as suggested by Peters et al (2010) , who showed that induction of extinction with hippocampal BDNF could be blocked by coinfusion of anti-BDNF into IL. Given that extinction training itself increases IL excitability (Chang et release of BDNF into IL following vHPC infusion of BDNF would be expected to decrease fear and increase the excitability of IL neurons.
To address these questions, we infused BDNF in the vHPC of fear-conditioned rats. As shown in Figure 4a , vHPC BDNF decreased freezing 30 min postinfusion (F (1,18) ¼ 9.129; P ¼ 0.007). In a separate group of fear-conditioned rats, we recorded IL and PL neuronal activity 30 min following vHPC infusion of BDNF. Of 16 IL neurons tested, 9 showed a significant increase in spontaneous firing rate 30 min following BDNF infusion, whereas 2 showed a significant decrease (paired t-tests P'so0.05; Figure 4b ). In contrast, of 21 PL neurons tested, only 1 increased, whereas 6 decreased their firing rate (paired t-tests P'so 0.05; Figure 4c ). The percentage of neurons showing an increase in rate was significantly greater in IL than in PL (Fisher's exact, Po0.001), but there was no significant group difference in the percentage of neurons showing reduced rate (Fisher's exact, P ¼ 0.42). These results suggest that BDNF in vHPC may enhance extinction by increasing IL activity.
DISCUSSION
In the present study, we demonstrated that BDNF in IL, but not PL, is both necessary and sufficient for extinction of older, as well as recent fear memories. We also showed that extinction training increases BDNF levels in vHPC neurons, and that BDNF infused into vHPC induces extinction and increases the firing rate of IL neurons. These findings provide key support for the hypothesis that extinction depends on the release of BDNF from hippocampal inputs to IL.
IL has been implicated in extinction of conditioned fear using pharmacological, electrophysiological, and stimulation approaches (Milad and Quirk, 2012) . Furthermore, infusing BDNF into IL induces fear extinction in the absence of training (Peters et al, 2010) . Exogenous BDNF has a half-life of approximately 3 h in the brain (Fukumitsu et al, 2006) , suggesting that the observed reduction in freezing one day following infusions was not due to residual exogenous BDNF. In the adjacent PL, BDNF has been shown to be necessary for the consolidation of fear conditioning (Choi et al, 2010) , and other studies have shown that PL undergoes plasticity following fear extinction Parsons et al, 2010; Santini et al, 2004) . Thus, our previous finding that infusion of BDNF into IL induces extinction could be due to backflow to PL. In the present study, therefore, we used an angled cannula approach which reduces backflow to PL (Sierra-Mercado et al, 2011). Although we cannot completely exclude the possibility of spread to PL by diffusion, infusing BDNF or anti-BDNF directly into PL had no effect on extinction. This agrees with previous findings that transgenic mice lacking BDNF in PL and other neocortical regions extinguish normally (Choi et al, 2010) .
Molecular processes involved in consolidation of aversive learning can last hours to days (Katche et al, 2013; Riedel et al, 2000) . Thus, it is possible that BDNF reduces freezing because it interferes with late consolidation of conditioning. Contrary to this idea, however, we observed that IL BDNF reduced freezing 2 weeks after conditioning, when most of these consolidation processes have terminated (Katche et al, 2013) . From a clinical perspective, therefore, treatments that augment BDNF may be useful to alleviate the symptoms of older, as well as recent, traumatic memories.
Previous studies have shown that hippocampal BDNF is necessary for fear extinction (Heldt et al, 2007; Sakata et al, 2013) . Our immunocytochemical results showed that extinction increased BDNF levels in vHPC and BA, but not in mPFC or central amygdala. This conflicts with a previous study showing that extinction training increased BDNF mRNA levels in the prefrontal cortex (Bredy et al, 2007) . A possible explanation is that our immunocytochemical approach lacks the sensitivity to detect smaller extinctioninduced changes in protein levels. Our findings agree with a previous report showing increased BDNF in BLA 2 h after extinction (Chhatwal et al, 2006) . Interestingly, another study found increased BDNF levels in the hippocampus (but not the amygdala) at an earlier timepoint (30 min) following contextual fear conditioning (Hall et al, 2000) . Thus, following learning, hippocampal neurons may express BDNF initially, followed by BDNF expression in hippocampal targets such as mPFC and amygdala. Increased excitability in IL following extinction has been shown to predict extinction success (Burgos-Robles et al, 2007; Chang et al, 2010; Knapska and Maren, 2009; Santini et al, 2008) . We observed that infusing BDNF into vHPC increased the firing rate of IL neurons, a vHPC target. BDNF infused into the vHPC could be directly transported to IL or, more likely, could increase vHPC excitability leading to increased release of BDNF in IL. In agreement with the idea that infusion of BDNF into vHPC increases release of BDNF into IL, a previous study showed that coinfusion of anti-BDNF into IL with BDNF into the hippocampus blocked BDNF induction of extinction (Peters et al, 2010) . The lack of BDNF increase in IL after extinction could be due to the fact that BDNF released from vHPC terminals may not be detected by immunocytochemistry, which detects only intracellular BDNF. It is interesting that vHPC BDNF did not increase excitability in PL neurons, despite a robust projection from vHPC to PL. vHPC projections to PL could facilitate extinction independently of BDNF, through feedforward inhibition of PL (Sotres-Bayon et al, 2012) .
Through its tyrosine kinase B receptor, BDNF can increase GluR1 and GluR2/3 AMPA receptor subunits (Musumeci and Minichiello, 2011; Slipczuk et al, 2009 ) and phosphorylate NMDA receptors (Black, 1999) , both of which could enhance neuronal excitability. Increased firing of IL neurons may help drive plasticity in amygdala targets, such as the intercalated cell masses (Amano et al, 2010) . Consistent with this, mice with a polymorphism (val66met) impairing BDNF release from hippocampal terminals (Chen et al, 2006) show poor extinction and impaired spike timing-dependent plasticity in IL (Pattwell et al, 2012) .
The hippocampal-prefrontal pathway appears to be necessary for successful fear regulation (Hugues and Garcia, 2007; Sotres-Bayon et al, 2012) and may be deficient in post-traumatic stress disorder (PTSD; Godsil et al, 2013) . Activation of the ventromedial prefrontal cortex (vmPFC), a functional homolog of the rodent IL, correlates with successful extinction (Kalisch et al, 2006; Milad et al, 2007; Phelps et al, 2004; Soliman et al, 2010) . People with PTSD show decreased hippocampal volume (Bremner, 2002; Bremner et al, 1995; Chao et al, 2013; Gilbertson et al, 2002) , but not if they are in remission (Chao et al, 2013) . Following combat-stress, PTSD symptoms are correlated with decreased hippocampal-vmPFC connectivity (Admon et al, 2012) . Thus, impaired hippocampal-vmPFC connectivity may be associated with deficient BDNF signaling, thereby exacerbating symptoms and interfering with extinction-based therapy (Felmingham et al, 2013) . 
FUNDING AND DISCLOSURE
